Separation of flow over a wind turbine blade reduces its overall efficiency. Flow control technologies enable the control of the separation of flow and at the same time assist in stalling the wind turbine blade when required, and when the wind turbine exceeds the rated power. Fluidic oscillators which produce oscillating output flow as a result of Coanda effect, serve as active flow control devices. The fluidic oscillator in an array is used in order to serve the dual purpose of flow control and stalling of wind turbine blades. Fluidic oscillators under different conditions has been tested under a variety and the outcome of the tests performed has been discussed. The development of a new fluidic oscillator array system, designed to produce stable oscillations for flow control across the span of a wind turbine blade, along with the details of automation of such a system, to work independently without human interference, is provided.
Introduction
The separation of flow around a wind turbine blade can cause substantial decrease in the efficiency of wind turbines. Different flow control technologies have been employed over the years in order to control separation of flow in a variety of areas in engineering. Fluidic oscillators are active flow control devices which can be used to control the separation of flow. These devices employ Coanda effect (the tendency of a jet of fluid to be attached to the adjacent wall) and produce oscillating output flow. Oscillating output flow from the fluidic oscillator organized as an array, within the turbine blade, can be used to control the flow effectively depending on the free stream velocity and the angle of attack of of the blade section with the flow. Further same fluidic oscillator can be used to stall the wind turbine blade, when the blade exceeds the rated power.
Theory & Background
Flow control technologies can be classified into passive and active flow control technologies. Passive flow control devices, has non-moving parts such as turbulators or LEX(Leading Edge eXtension) in order to control flow separation.Active flow control technologies have been employed over the years, including the use of blowing and suction control techniques. Through research performed over the years, it has been found that the use of periodic suction and blowing control can bring about enhanced flow control in comparison to the normal blowing or suction [1] [2] . Tangential blowing with periodic excitation is found to be more effective [3] [4] [5] . Fluidic oscillators are devices which produce oscillating output flow and which can be used for effective flow control. These devices employ Coanda effect. A series of fluidic oscillators in an array can produce oscillating flow for an entire span of wing or turbine blade section. These fluidic devices have no moving parts and hence can be used for long periods with low maintenance requirements. Fluidic oscillator and synthetic jet for flow control in wind turbines blades were investigated by researchers with positive results in the past few years [6] [7] .
A simple bi-stable fluidic oscillator will be composed of one input port, two control ports and two output ports. The control ports are connected with each other by the means of a feedback loop. On supply of high pressure air into the input port of the fluidic oscillator, the flow initially attaches itself to one of the sides of the fluidic oscillator, as a result of the Coanda effect and then to the other side as a result of the control flow through a feedback loop. The relative low pressure generated in that side leads to suction of fluid from the other side through the feedback loops. The momentum of fluid towards the low pressure side makes the main flow detach from the low pressure region and make to attach on the opposite side. This process continues at high frequencies depending on the applied pressure, feedback loop length and design of the oscillator to produce oscillating exit flow. The critical parameters in flow control using fluidic oscillators include: Velocity Ratio V.R. (The ratio of maximum exit port velocity to the free stream velocity), Forcing Frequency ( The ratio of Distance between the tip and end of the trailing edge to the freestream velocity), Hydraulic Reynolds Number (The ratio of the product of velocity of exit flow from exit orifice or nozzle and diameter of exit nozzle to the Kinematic Viscosity), the geometry of the body over which the flow has to be controlled and the angle of attack of the body with the free stream.
The expected velocity ratio as per previous investigations for fluidic oscillator exit flow in the perpendicular direction, should be less than 0.4 in most cases for perpendicular blowing [8] [10] . This is due to the fact that piercing of boundary layers can occur at high momentum flows. Generally the maximum order of magnitude used is of the order of 1.0. In tangential blowing experiments using yawed injection, velocity ratios of the order of 7 have been used. Velocity ratio of the order of 10 is the general maximum used in yawed conditions. The forcing frequency is a critical quantity which needs special attention and it is found to be ideal at ~ 1.0 as per previous investigations [8] [10] . However, Glezer [11] , stated that forcing frequencies of 1.0 could amplify aerodynamic forces, hence a value of ~ 10 was proposed to be used. The spacing by hole diameter and the hydraulic Reynolds number also affects the amount of flow control depending on the flow conditions and geometry of the test section.
In a classical feedback loop type fluidic oscillator system, the exit frequency of about 100Hz are obtained which may scale up to to 120Hz at very high input flow pressures. The resulting velocity ratio will be of the order of 3, for a wind speed of 40 m/s. However, higher exit frequencies of ~ 300Hz, helps in avoiding amplification of unsteady aerodynamic components and better flow control.
Spillage is one of the characteristics of the fluidic oscillator which is undesirable for the operation of the fluidic oscillator. In a two output fluidic oscillator, the spillage occurs as a result of the excess liquid spilling through one of the legs of the fluidic oscillator, when the flow through the other leg in high condition. This spillage effect, affects the mass flow rate through the port having high exit flow, and inturn decreases the amount of fluid used to energize the boundary layer. Hence, reduction of spillage is essential for the efficient use of the fluidic oscillator for boundary layer control. The spillage can be avoided, by careful design and manufacture of the fluidic oscillator for a given range of pressure flow.
The fluidic oscillators used in most cases are of constant depth, invariably planar and are bi-stable in nature. The fluidic oscillators are generally manufactured by using laser etching or laser cutting on perspex sheets. For higher accuracy, micron precision cutting is used in on aluminum sheets of desired thickness. This type of accurate cutting, avoids minor defects, which can affect the internal flow to a great extend and create irregular flow behaviour and noise in the flow.
Experimental Setup
The experimental setup for the initial test comprised of a single fluidic oscillator with two exit ports and the secondary test comprised of an array of fluidic oscillator with separate supply of fluid at high pressure into the input ports of an interconnected set of fluidic oscillators, each with 6 exit ports, as shown in Figure. 1. The single fluidic oscillator had an exit port diameter of 7.6 mm, power nozzle width 2mm and height 8mm. The single fluidic oscillator was made of piled up perspex sheets of 2mm. In the array, the fluidic oscillators had a power nozzle width of 2mm and height of 8mm. A spacing of 73.96mm between the fluidic oscillators in the array were provided and a span wise spacing of 12.33mm between the exit ports were provided. Each exit port had a diameter of 7.6mm. The control ports had to be lined with the two separate control chambers; hence the control ports had an offset in the stream wise direction. The array composed of the core plate containing the fluidic oscillators, a middle plate containing the control chamber with dimensions of 556mm (Length) x 24.5mm (Breadth) x 12.5mm(Height). Two Honeywell 24PCFFA6D piezo 0-100 Psi differential pressure sensor of ± 0.25% FSS BFSL (Full Scale Span Best Fit Straight Line) accuracy, Total error band of ± 0.2% full scale span maximum and one Sensor Technics HCXM050D6V 5000 Pascal differential pressure sensor with accuracy of ± 0.2% FSS was used for flow pressure measurements. A digital thermocouple was used to determine the atmospheric temperature variation, another pressure sensing unit for measuring atmospheric pressure variation. The exit flow was measured using a hotwire probe connected to a constant temperature anemometer. The hotwire probes used for the experiments was a single wire probe with sensor diameter of 5μm and 1.25mm length. The probe was connected to a DANTEC DYNAMICS 54N81 MULTI CHANNEL CTA. Measurements were taken by placing the hotwire probe at 1D0 from the output port. National Instruments DAQ (data acquisition card) connected on a computer with installed LabView 2009 software was used for the purpose of data acquisition. The data acquisition card collected simultaneously data from the pressure sensors and hotwire readings. Variable feedback loops were employed for the two output oscillator and a constant feedback loop length of 1500mm was used for the test case where the fluidic oscillator in the array was tested. The experiments were performed at the wind tunnel facility at the University of Manchester, UK [11] [12] and the new prototype shown in Figure 3 . is under development at Hindustan University, India. 
Results and Discussion
The input flow is supplied to the single fluidic oscillator through the supply port for the two out put oscillator and to the fluidic oscillator in the array through the connecting block shown in Figure 1 . The output flow produced by the single fluidic oscillator generated stable oscillations and the oscillations generated from the six exit port fluidic oscillator in the array was found to be unstable. The frequency variations in both the cases are shown in Figure 2 . The frequency variation shows a steady increase in frequency with hydraulic Reynolds number for the single oscillator case at varied feedback loop lengths. The flow oscillations in this case showed stable oscillations which at all Reynolds number for feedback loop-lengths of 0.75m and above. The frequency of the oscillator varied from 20Hz to over 250Hz . Thus, high frequency rates of the order of 250Hz or higher was obtained from the single fluidic oscillator, at the expense of very high pressure and hydraulic Reynolds number. The exit flow from the fluidic oscillators in the array performed in a random manner at all exit ports of the selected fluidic oscillator in the array. The oscillations were variable in all the exit holes, even when other oscillators of the array were tested. The Figure 1 . shows the variable frequency in different exit holes for the same value of pressure. The output from the array also produced a lot of noise in the exit flow at different conditions. Six output port fluidic oscillator design provided insights to the deviation of flow behaviour from classical fluid mechanics concepts and demonstrated the existence of interference effects. The fluidic oscillator, at hole 1 produce 146Hz at 10 Psi and the same frequency rate was observed at 14 Psi, though the frequency increases to 240Hz at 13 Psi. On the other hand, the hole 5, produce a frequency of the order of ~ 300Hz at varied value of pressure, which was significantly higher than the oscillations produced by hole 1 for the given range of pressures. This proves that the single bistable two exit output oscillator was found to be more stable then the six output design. Considering the free stream velocity to be around 20m/s, usable exit velocity ratios of around 2 were obtained from the single fluidic oscillator, which is ideal for perpendicular injection and velocity ratios around 4 were obtained from the fluidic oscillator array, which is ideal for yawed injection. As a result of the variable behaviour of exit velocities and frequencies exiting from different exit ports of the fluidic oscillator array, the 6 output oscillator cannot be utilized for proper flow control. However, at the same time, the two port fluidic oscillator, generates usable oscillations, which are stable both based of exit velocities and exit frequencies.
Instead of the use of feedback loops, which connected both the control ports of the fluidic oscillator, open end tubes were connected only to one of the control ports and experiments were also previously performed [13] . These tubes served as resonance tubes and generated resonance based oscillations, of the order of 300Hz at high exit pressures. Such high frequency output helps in avoiding amplification of unsteady aerodynamic components and making it ideal for use in wind turbine blades. The frequency vs. Pressure curve of one of the fluidic oscillators in the array, by using a open-end tube connected to its control port is shown in the bottom plot of Figure 2 . The frequency varies from 160Hz to around 330Hz in a supplied pressure range of 13Psi to 25Psi. The pressure variation in different exit holes for a given pressure, are more in case of lower pressure and the pressure variation in case of higher pressure is is much less for a given input pressure. At high pressure of 25Psi, the frequency ranges from 300Hz to 330Hz, which is ideal for flow control. However, this method of using open ended tube, suffers drawback in terms of loss of fluid through the open ended control ports. In addition, varying the length of the resonance tube, produces no change in frequency. Hence, the ability to vary frequency by varying the feedback loop in a usual design of fluidic oscillator, is not applicable for the resonance based fluidic oscillator. The new design of the fluidic oscillator, shown in Figure 3 , is based on the fact that a two-output fluidic oscillator will provide stable oscillations, in comparison to output orifices having exit port higher than two. This also enables the reduction of a low spillage fluidic oscillator. Each oscillator in an array will have its own feedback loop, which remains invariable. An array of such bi-stable fluidic oscillator system, arranged in multiple rows opposite to each other as shown in Figure 3 , will enable the oscillator to have the required hole spacing for the required separation control. The fluidic oscillator system will comprise of the core plate where the fluidic oscillators are arranged in a particular pattern, forming an array. The base plate beneath the core plate serves as the covering for the fluidic oscillator array system. Th control port plate above the core plate, contains the control ports which supplies the fluid from the control channels plate above to the input port of the fluidic oscillators present in the core plate. The control channel plate above the control port plate, comprise of control channels, where the input flow is supplied. The term control channel is provided to the channel supplying input flow into the system is due to the fact that, the fluidic oscillator creates produces varied frequency and velocity ratios, dependent only on the flow from the control channel, as the feedback loop is fixed in this design. The exit port plate acts as a covering plate for the control channels and provides the exit ports holes where flow can pass to the exit ports on the aerofoil encasing.
The behaviour of flow and the separation of flow, varies depending on the direction of the wind flow, pitch of the wind turbine blade and the velocity ratio. In order to have optimum flow control, without the need for human interference, an automated system is required. Such a system is shown in Figure 4 , the automated system comprise of an dedicated computer, the fluidic oscillator array system, a compressor, pressure sensors and pressure regulation valves. The computer will contain the required pressure value for the inlet flow into the fluidic oscillator array, corresponding to the values of wind velocities and the angle of attack of the blade with the wind. The values are stored in the computer through prior tests performed, in the laboratory, for a particular wind turbine blade and for a specific range of wind velocities. 
Conclusion
Optimised design of the fluidic oscillator system to enable optimal flow control when flow control is required to increase the efficiency of wind turbine system by controlling the separation. The fluidic oscillators can also be used to intentionally stall the wind turbine blade so as to slow down the turbine when it exceeds the maximum rated power. The two exit port fluidic oscillator system showed stable oscillations of required frequencies and velocity ratios, suitable for flow control and stalling of the wind turbine blades as required. The six exit port fluidic oscillator array system can be used only for stalling through perpendicular injection, given the nature of the exit flow characteristics and velocity ratios. Based on the test results a new design of fluidic oscillator was developed to provide stable oscillations, which can be used for providing the required flow control necessary. Further, an external system to automate the new fluidic oscillator system based on laboratory test values and by using pressure sensors, pressure regulator valves , a dedicated computer and a pressurization chamber, is also under development.
